One of the most fascinating features of the mechanism proposed by Phillips and co-workers (Blake et aI., 1967a, b; Phillips, 1966) for the cleavage of oligosaccharides by lysozyme is the distortion of the saccharide bound in subsite D into a half-chair conformation. This mechanism is based upon X-ray crystallographic studies of the non-productive complex of lysozyme with chitotriose, GlcNAc-,B(l -+ 4)-GlcNAc-,B(1 -+ 4)GlcNAc, (bound in subsites A, B, C) and model building. The involvement of substrate distortion in the proposed mechanism is supported by several studies (Chipman et aI., 1967; Chipman and Sharon, 1969; Chipman, 1971; Johnson et aI. , 1968; Rupley and Gates, 1967) which estimate that the contribution to the free energy of binding of oligosaccharides from the saccharide bound in subsite D is unfavorable by 3-6 kcal mole-I. This is exemplified by a comparison of the binding constants for GlcNAc-,B(1 -+ 4)-MurNAc-,B(1 -+ 4)GlcNAc (KA = 2.8 X 10 5 M-I ) and GlcNAc-,B(1 -+ 4)-MurNAc-,B(I-+ 4)-GlcNAc-,B(I-+ 4)-MurNAc (KA = 2.1 X 10 3 ~I) (Chipman and Sharon, 1967) . With an estimate of the favorable interactions at subsite D, the energy available for distortion is 6-12 kcal mole-I (Johnson et aI., 1968) , which is approximately that required for the distortion of cyclohexanes from the chair to the half-chair conformation (Eliel et aI., 1965).
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Since the hydrolysis of natural oligosaccharides by lysozyme is complicated by non-productive binding and tmns-glycosylation, the study of any one feature of the mechanism is difficult without the use of synthetic substrates (Rand-Meir et aI., 1969) . In agreement with the mechanism proposed by Phillips and co-workers, Dahlquist et al. (1968 Dahlquist et al. ( , 1969 have concluded that considerable carbonium ion character is involved in the hydrolysis of the We report here the results of a nuclear magnetic resonance study of the conformation of the glucose ring of GlcNAc-,B(l -+ 4)-Glc-,B(1)-cpN0 2 (Sykes and Dolphin, 1971 ) and the reducing muramic acid ring of GlcNAc-,B(l -+ 4)-MurNAc-,B(1 -+ 4)-GlcNAc-,B(1 -+ 4)-MurNAc when these substrates are bound in the active site of lysozyme. The apparent coupling constant of the anomeric proton HI of the glucose ring of GlcNAc-,B(l -+ 4)-Glc-,B(1)-cpN0 2 (Fig. 1) to proton Hz of the glucose ring, and the apparent coupling constant of the anomeric proton HI of the reducing muramic acid ring ofGlcNAc-,B(1-+4)-MurNAc-,B(1-+4)-GlcNAc-,8(1 -+ 4)-MurNAc to proton Hz of the muramic acid ring, have been obtained from the NMR spectra of these compounds in the presence of lysozyme. In the limit of fast exchange between the substrate free in solution and bound to lysozyme, the coupling constant so obtained is the weighted average of the coupling constants for the free and bound substrate. The dihedral angle dependence of such coupling constants is well known (Barfield and Karplus, 1969; Karplus, 1959 Karplus, , 1960 Karplus, , 1963 , and the dihedral angle between protons HI and Hz of the saccharide ring so obtained is a sensitive indicator of the conformation of the saccharide. with the cos 2 0 term dominant (Fig. 2a) 
where Jl" and J B are the coupling constants, and P F and P B the relative concentrations of free and bound substrate, respectively. This predicts that if a substrate is bound with the ring distorted into the half-chair conformation, the observed coupling constant should decrease as Po increases for the f3
anomer. If the substrate is the ex anomer, however, the observed coupling constant should increase as Po increases. 5.5 ppm downfield from hexamethyldisiloxane (HMDS) arises from H 1 , identified by comparison with the spectrum for Glc-P(1)-cpN0 2 . The doublet from Hl' is obscured by the residual HDO peak. The coupling constant for GlcN Ac-P(l ->-4)-Glc-P( l) -cpNO z and Glc-P(l)-cpNO z free in solution is 7.0 ± 0.1 Hz. (The glucose ring of GlcNAc-P(l-+ 4)-Glc-P(l )-cpNO z is exclusively the P anomer.) Upon the addition of lysozyme, the acetyl resonance of GlcNAc-P(l -+ 4)-Glc-P(l)-cpN0 2 shifts upfield and broadens. The lifetimes for the exchange of the substrate between solution and the active site of lysozyme can be calculated from the line-' width of the acetyl resonance as a function of enzyme concentration (Sykes and Parravano, 1969) . The calcu lated lifetimes satisfy the fast exchange conditions. The value of the dissociation constant and bound chemical shift obtained from the observed shifts are very similar to those obtained previously (Rand-Meir et aI., 1969) . The doublet corresponding to Hl also broadens, but never so much that the value of JH1'lh could not be obtained. The measured coupling constants were derived from the spectra by curve-fitting programs using linearized least squares techniques (Arley and Randerbuch, 1950) . The values of JH,'H. obtained are presented in Table 1 along with the predicted values of J H,'H. based upon a form of Eq. 1 for GlcNAc-P(l-+ 4)-Glc-P(l)-cpNO z , J(O) = 7.0 cos 2 O.
The NMR spe~trum of GlcNAc-P(l ->-4)-MurNAc-P(l-+ 4)-GlcNAc-P(l ->-4) -MurNAc is presented in Fig. 4 . The resonance corresponding to HDO was eliminated from this spectrum with the pulse sequence T-7T-tn -7Tj2 (T = 20 sec, tn = 4.0 sec) preceding the acquisition of the free induction decay and subsequent Fourier transformation to obtain the high resolution spectrum (Patt and Sykes, 1971) . The resonances corresponding to the anomeric protons are unperturbed because of their relatively short relaxation times (T 1 ...-; 0.5 sec). Two resonances are present, one at 4.8 ppm downfield from HMDS corresponding to the P anomeric protons, and one at 5.4 ppm down field from HMDS corresponding to the ex. anomeric proton. The relative area of the ex. anomeric resonance corresponds to 0.7 protons. This indicates that the reducing end saccharide exists predominately as the ex. anomer. The coupling constant for the ex. (A) no lysozyme; (B) +4.7 X 10-3 M lysozyme, t "" 2 min; (C) +4.7 X 10-3 M lysozyme, t "" 30 min.
( Fig. 5) whose linewidth was determined by measuring T; = 0.22 sec (the total contribution of nuclear spin relaxation and magnetic field inhomogeneities to the observed linewidth) from the free induction decay (Patt and Sykes, 1971) .
Upon the addition of lysozyme (4.7 X 10-3 M) to a solution of 8 (1 -+ 4)-MurNAc-,8(1 -+ 4)-GlcNAc-,8(1 -+ 4)-MurNAc (1.3 X 10-2 MinD 2 0, pH ~ 4), the resonance corresponding to the reducing ring (J. anomeric proton becomes a broad doublet which then sharpens with time (Fig. 5) . The sharpening re»ults from the cleavage of the tetrasaccharide to the disaccharide by lysozyme. The coupling constant at all times appears to be larger than that for free An alternative interpretation of these results for GlcNAc-,8(l -+ 4) -Glc-,8(1)-q;N0 2 is that only a small fraction of the bound substrate is distorted. This could be represented by a mechanism involving the formation of an initial complex with the substrate, followed by a second complex with the distorted substrate, where the equilibrium constant is greatly in favor of the first complex ; or could involve a very large fraction of non-productive binding of the undistorted substrate. Either mechanism is consistent with the slow hydrolysis of GlcNAc-,8(l-+ 4)-Glc-,8(I)-q;N0 2 . If one chooses a substrate which is slowly hydrolyzed so that the nature of the bound substrate can be investigated, one cannot guarantee that the enzyme operates on the artificial substrate in a manner similar to that with the natural species.
The results with 
